Ehrlichia ruminantium is an obligate intracellular bacterial pathogen which causes heartwater, a serious tick-borne disease of ruminants throughout sub-Saharan Africa. The development of promising recombinant vaccines has been reported previously, but none has been as effective as immunisation with live organisms. In this study we have used reverse vaccinology to identify proteins that elicit an in vitro cellular immune response similar to that induced by intact E. 
Introduction
E. ruminantium, the causative agent of heartwater, is a Gram-negative α-proteobacterium, belonging to the family Anaplasmataceae, order Rickettsiales. All organisms in the order Rickettsiales are obligate intracellular bacteria, and members of the family Anaplasmataceae are located within membrane-bound vacuoles. Heartwater is considered to be one of the most important endemic diseases of domestic livestock in southern Africa, but despite this no safe and effective vaccine is currently available. The only commercially available heartwater immunisation procedure employs the infection and treatment method, using live virulent bacteria, and it has several practical disadvantages as well as offering only limited protection against some common virulent genotypes (Allsopp, 2009 ).
Heartwater vaccine development has been hindered by technical difficulties, many of which derive from the fact that obligate intracellular bacteria such as E. ruminantium are inherently difficult to study at the molecular genetic level. The availability of the extensively annotated E. ruminantium genome sequence allowed us to apply reverse vaccinology (Rappuoli, 2000) in our attempts to develop a vaccine against heartwater. In this approach, potential vaccine candidates with selected criteria can be identified from the whole genome data with the aid of suitable computer algorithms. The most likely candidates are then screened for their ability to induce the appropriate immune responses. Reverse vaccinology was first used to identify vaccine candidates of serogroup B Neisseria meningitidis (Pizza et al., 2000) . Since then the technique has been applied in developing vaccines for several other pathogens, some of which are currently in clinical development (Muzzi et al., 2007; Sette & Rappuoli, 2010) .
It has been documented that CD8
+ and CD4 + lymphocytes play a role in protection against heartwater in adoptive transfer (Du Plessis et al., 1991) and knock out mice studies (Byrom et al., 2000) .
Furthermore, when PBMC were obtained from heartwater immune animals an increase in CD4 + and CD8 + lymphocyte proliferation was observed in response to in vitro stimulation with E. ruminantium antigens (Totté et al., 1999; Mwangi et al., 2002) . In addition T cell growth factors (Mahan et al., 4 1994) and IFN-γ (Totté et al., 1996) have been shown to inhibit E. ruminantium growth in vitro. The effect of IFN-γ may be due to upregulation of MHC class I and II expression on monocytes leading to increased antigen presentation to immune cells, or by increased phagosytosis, reactive oxygen intermediates, nitric oxide and lysosomal enzyme production. To date the potential roles of antibodies and cytotoxic T cells have not yet been demonstrated. We hypothesise that heartwater vaccine candidates should be able to elicit a protective cell mediated immune response similar to that induced by live organisms. It has been found that E. ruminantium proteins in the molecular weight ranges 13-18 kDa (Van Kleef et al., 2002) and 22-32 kDa (Esteves et al., 2004) induce IFN-γ production, but the specific antigens responsible for this effect have not been identified. Two recombinant E. ruminantium proteins, major antigenic protein (MAP) 1 and MAP2, have been shown to induce T cell lines to produce IFN-γ (Mwangi et al., 2002) and protection was observed in mice after DNA immunisation using the map1 gene (Nyika et al., 2002) . Similarly, the protective immune response induced in sheep by four other E. ruminantium genes corresponded with increased IFNexpression (Pretorius et al., 2008) . We therefore aimed to identify antigens that induce strong cell mediated immune responses in E. ruminantium-immune T cells characterised by the expression of IFN-γ and other Th1 cytokines.
This communication describes the use of reverse vaccinology to identify potential vaccine candidates for protection against E. ruminantium. Open reading frames (ORFs) with selected criteria were identified from the annotated E. ruminantium (Welgevonden) genome sequence .
The corresponding recombinant proteins were expressed in E. coli and assessed for their ability to induce recall T cell responses in vitro using E. ruminantium-immune PBMC.
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Materials and methods

Subcellular localisation prediction of putative gene products
The E. ruminantium genome annotation contains predictions for the subcellular localisation of each putative gene product obtained using the algorithms SignalP (Nielsen et al., 1997) and TMHMM2.0 (Krogh et al., 2001) . We refined these predictions using the algorithms Phobius (Käll et al., 2004) , PSORTb2.0 (Gardy et al., 2005) and CELLO (Yu et al., 2004) and the new results were used in the subsequent selection procedure.
In silico selection strategy
The annotation data for each putative E. ruminantium gene product were used as the starting point for the selection procedure. All products classified in the following categories were considered as possible vaccine candidates: surface-associated or secreted proteins, transporters, proteins putatively involved in the adaptation of bacteria to heat shock and other environmental stresses, and proteins of unknown function. We also included proteins containing tandem, tetratricopeptide or ankyrin repeats, as well as those products described as adhesins, proteases, iron-binding proteins, methyltransferases or GTPases. Homologs of proteins identified as vaccine candidates in other pathogens by means of functional genomics were also included. All ORFs with more than four predicted transmembrane helices, genes tested previously in vaccine formulations, and patented ORFs were removed from the dataset.
Expression of recombinant proteins
Directional cloning into the pET vector
Protein expression was performed using the pET102/TOPO ® expression system (Invitrogen) according to the instructions of the manufacturer. Sequence specific amplification primers were designed for each of the selected ORFs to facilitate directional cloning into the pET vector by adding the sequence CACC to the 5' end of the forward primer and removing the stop codon sequence for the reverse primer. In the case of ORFs having signal peptide coding sequences the 5' primers were designed so as to omit the signal sequences. ORFs larger than 2,000 bp were divided into smaller 6 subfragments and we also made sure that primer sequences did not overlap large tandem repeat protocols. Clones containing inserts of the correct size were sequenced, using the TrxFus forward and T7 reverse primers, to verify the orientation and sequences of inserts and to ensure that the His-tag was in-frame.
Expression and purification of recombinant proteins
Recombinant proteins were expressed using the Overnight Express™ Autoinduction system 1 (Novagen). The recombinant proteins were extracted from the cell pellets using BugBuster ® Protein
Extraction Reagent (Novagen) and purified using Protino ® Ni 1000 prepacked columns (Macherey-Nagel) following the manufacturer's instructions. The purified proteins were separated on Criterion™ XT precast gels (4-12% gradient, Bio-Rad) and analysed by Anti-His 6 Western blot analysis using standard procedures.
Selection of recombinant proteins that induce cellular immunity
Immune Animals
Heartwater naïve Merino sheep (s6050) and Nguni cattle (B8460, B8404 and B8347) were immunised by infection with virulent organisms (10 LD 50 ) of the Welgevonden stock of E. ruminantium (Brayton et al., 2003) . The sheep developed heartwater symptoms and were treated with tetracycline while the cattle showed a mild temperature reaction, but did not show any heartwater symptoms after the initial immunisation, and recovered without treatment. These animals were challenged four months later with the same stock to confirm their immunity to heartwater. 
IFN-γ ELISPOT assays
IFN-γ expression was measured by ELISPOT assays as described previously (Sebatjane et al., 2010) .
Briefly, ELISPOT plates (Millipore) were coated with mouse anti-bovine IFN-mAb CC302 (1 µg/ml). After blocking the plates with RPMI-1640 supplemented with 10% FCS, PBMC (2 x 10 5 cells/well) were incubated with the recombinant proteins (10 µg/ml; 1 µg/ml or 0.1 µg/ml), or partially purified intact E. ruminantium (Welgevonden) organisms isolated from infected bovine endothelial cells (1 µg/well, positive antigen), or uninfected bovine endothelial cell extract (1 µg/well, negative antigen) in a total volume of 100 µl. PBMC stimulated with ConA (5 µg/ml, Sigma) were included as a positive control, while wells containing PBMC without antigen were used as a negative control. The plates were developed as described by Sebatjane et al. (2010) and spot forming cells 
Cytokine profiling using quantitative real-time PCR (qPCR)
Isolated PBMC (sheep or bovine) were resuspended in complete RPMI-1640 medium and cells (4 x 10 6 cells/ml, final concentration) were stimulated with the expressed recombinant proteins (10 µg/ml; 1 µg/ml or 0.1 µg/ml) or incubated in medium alone for approximately 18 h (overnight). Cells were harvested by centrifugation at 300 g and TRI ® -Reagent (Sigma-Aldrich ® ) was added to each sample. These samples were kept at -70°C until total RNA was isolated according to the TRI ® -Reagent protocol. The mRNA quality was assessed by agarose gel electrophoresis and contaminating genomic DNA was removed by using the DNA-free kit (Ambion) according to the instructions of the manufacturer. Single stranded cDNA was generated using Expand reverse transcriptase (2.5 U/µl final concentration; Roche) and random hexamer primers (12.5 µg/µl final concentration) (Promega). PCR was performed using the LightCycler® FastStart DNA Master et al., 2006) and GAPDH (Claerebout et al., 2005) . Ovine qPCR primers were: IFN-, IL-4 and GAPDH (Pretorius et al., 2008) ; IL-8 and IL-1 (Smeed et al., 2007) ; IL -18 (Markus et al., 2007) and TNF- (Budhia et al., 2006) . qPCR cycling conditions for all the cytokines were: 10 min at 94°C; 50 cycles of 15 s at 94°C, 30 s at 58°C and 20 s at 72°C; followed by melting starting at 65°C rising to 95°C at 0.3°C per second; and cooling to 40°C. Relative quantitation was determined with the 2 -Ct method (Livak & Schmittgen, 2001) . Gene expression was reported as the normalised cycle threshold ( Ct = Ct target gene -Ct housekeeping gene and Ct = Ct stimulated -Ct medium ). A one-fold increase indicates that the cytokine mRNA concentration of the stimulated sample is twice that of non-stimulated samples, and the cytokines were considered to be significantly upregulated if the mRNA increase difference was more than one-fold.
Results
Subcellular localisation of ORFs
The algorithm SignalP predicted that 66 E. ruminantium ORFs showed 5' sequences coding for Nterminal signal peptides, of which 13 also contained one or two predicted transmembrane helices.
According to the TMHMM results 28% (247) of all ORFs in the E. ruminantium genome are predicted to contain at least one transmembrane helix. Forty-eight of these transmembrane helices were also predicted to be signal sequences by SignalP. When compared with the results of another algorithm, Phobius, 15 of the 48 transmembrane helices were in fact predicted to code for signal peptides. Two additional algorithms, pSORTb and CELLO, were utilised to assist in the assignment of proteins to subcellular locations ( Figure 1 ). However the results varied significantly between the two algorithms with only 39% of the putative proteins being assigned to the same location by both programs. The majority of the shared predictions were for allocations to the cytoplasm (217 ORFs) and inner membrane (109 ORFs). Only 20 of the 888 putative proteins were predicted by both algorithms to be in the outer membrane.
In silico selection of possible vaccine candidates
ORFs coding for proteins with functional or structural similarity to proven protective antigens or known bacterial virulence factors, plus all putative proteins of unknown function, were identified from the annotated E. ruminantium (Welgevonden) genome sequence. Barbet et al., 2001) and ORFs tested previously (Louw et al., 2002; Nyika et al., 2002; Pretorius et al., 2002; 2007) . ORFs with more than four predicted transmembrane helices were also excluded for purely practical reasons, since these are often difficult to express (Pizza et al., 2000; Ariel et al., 2003) .
Expression and selection of recombinant proteins that induce specific Th1 cellular immune responses
Several of the selected 272 ORFs were amplified as smaller subfragments to facilitate expression in E.
coli, giving a total of 283 genes plus subfragments. The products of 228 of these were successfully In contrast, in spite of the high levels of IFN-mRNA induced by Erum7280, and -7620, (246 and 809 fold increase respectively) low levels of IFN-(20 and 48 SPMC) were detected with ELISPOT.
The recombinant proteins inducing cytokine profile A were the only proteins shown to induce IFNmRNA transcripts after overnight incubation. Although not measured after 4 h, increased levels of IFN-mRNA were also detected after overnight incubation when three recombinant proteins, coded by Erum5270, -5400 and -8050, were tested using sheep PBMC. All three of these proteins also induced upregulation of IFN-, TNF-, IL-1 , and IL-18 mRNA in immune PBMC stimulated overnight with 1 µg/ml protein (Table 2) . Hence, these three proteins were also grouped into cytokine profile A. Characteristics of all the proteins in cytokine profile A are summarised in Table 3 .
Four recombinant proteins (coded by Erum1040_3; -1050; -1990; -8510) induced cytokine profile B.
IFN-protein expression levels were similar to those induced by proteins that induced cytokine profile A. However, cytokine profile B recombinant proteins induced increased IFN-mRNA transcription at 4 h after stimulation, but IFN-mRNA expression was much lower, or completely 12 absent, after overnight incubation (Table 2) . A decrease in mRNA levels between the 4 h and overnight samples was also detected for TNF-; IL-18; iNOS and GM-CSF.
Proteins that induced cytokine profiles C and D did not induce IFN-but did induce IFN-mRNA transcripts. These two profiles were also similar to cytokine profile B in that IFN-mRNA expression could be measured after 4 h but was decreased or absent after overnight incubation.
Proteins that induced cytokine profile C also induced high levels of IL-18; GM-CSF; iNOS and IL-8, while proteins in cytokine profile D induced TNF-; GM-CSF; iNOS and IL-1 after 4 h incubation.
Discussion
The purpose of this work was to identify E. ruminantium vaccine candidates that induce immune responses similar to those induced by whole organisms. Our approach involved four steps: (i) in silico selection from the annotated genome; (ii) cloning of selected genes, and the expression and purification of the corresponding recombinant proteins; (iii) identification of recombinant proteins that induce IFN-production in ELISPOT and/or qPCR assays; and (iv) cytokine profiling of IFN--inducing recombinant proteins using qPCR.
A large part of our initial in silico selection consisted of putative proteins of unknown function, as well as surface-associated and exported proteins. Although surface-exposed antigens are associated with humoral responses, surface-associated proteins of intracellular pathogens have been reported to elicit CD4 + and/or CD8 + responses (Sampson, 2011) . We employed several programs to predict the subcellular location of putative proteins, but there was very little agreement between the different algorithms. Other workers have reported this situation (Sprenger et al., 2006) , and without experimental evidence it is not possible to determine which algorithm is the superior predictor. In addition, it is currently impossible to predict how changing conditions in vivo will affect the expression of different membrane components (Grandi, 2003) . One must therefore be cautious in the interpretation of localisation predictions, but algorithms are constantly improving (Choo et al., 2009;  13 Yu et al., 2010) and more experimental data are becoming available, hence future predictions ought to be more reliable.
Many E. ruminantium proteins of unknown function, and some of the membrane-associated proteins, contained tetratricopeptide or ankyrin repeat domains or tandem repeats. All three repeat elements have been implicated in host-pathogen interactions (Core & Perego, 2003; De la Fuente et al., 2004; Wakeel et al., 2010; Zhu et al., 2009) , hence these genes may be considered as vaccine candidates.
Other possibly important categories for protection against bacterial infection include type IV secretion system proteins (Lopez et al., 2007; Juhas et al., 2008) , transporters, particularly the ABC transport system (Brown et al., 2001; Pretorius et al., 2007; Roset et al., 2004) and proteases (Miyoshi & Shinoda, 2000; Ariel et al., 2003 , Myers et al., 2007 .
T cell responses characterised by the expression of IFN-γ are essential in protection against E. ruminantium infection (Totté et al. 1999; Mwangi et al., 2002) which was the rationale behind attempting to determine whether any of our E. ruminantium recombinant proteins induced IFN-γ production in E. ruminantium-immune lymphocytes in vitro. Initially ELISPOT and qPCR assays used sheep PBMC, but later PBMC isolated from three immune cattle were used as more cells could be harvested from the cattle and the bovine PBMC gave lower background stimulation values. In general, the PBMC isolated from one of the animals responded to a specific protein tested at a given time point. Outbred cattle and sheep were used in this study each with unique MHC alleles (personal communication, N. Thema), thus these genetic differences may result in immune response variations as has been found in other studies using outbred animals (Babiuk et al., 2003) . Another factor to consider is that the E. ruminantium specific lymphocytes may have been present in the blood at concentrations too low to allow effective measurement, or
were not circulating at the time of isolation (Kennedy et al., 2002) . A better correlation between the three bovine PBMC and the selection of additional IFN-producing proteins may be achieved by repeating the immune assays at more than one time point. The use of T 14 cell lines specific to each recombinant protein would yield more sensitive and specific data and will in future be used for testing the most promising vaccine candidates. A total of 228 expressed recombinant proteins were assayed using immune sheep or bovine PBMC. Either soluble and/or insoluble fractions were included because insolubility and protein denaturation usually do not affect the outcome of cellular immunological assays (Leung et al., 2004) . were determined and compared to those induced after stimulation with intact E. ruminantium.
The cytokine profile induced in immune bovine PBMC by intact E. ruminantium (cytokine profile A)
was characterised by increased IFN-; TNF-and iNOS mRNA from 4 h to overnight. iNOS expression is induced after IFN-and/or TNF-/receptor interaction (Goff et al., 2002; Bogdan, 2001 ) and regulates the production of nitric oxide (NO) that is detrimental to intracellular pathogens (Kobayashi, 2010) . The toll-like receptors TLR4 and TLR2 mRNAs are also upregulated in the presence of IFN-and TNF- (Winder et al., 2009 ) and induce innate immunity (Werling et al., 2006) . Intact E. ruminantium also induced myeloid-specific cytokine mRNAs including IL-18; IL-1 ;
IL-6 and GM-CSF. TNF-, IL-12 and IL-18 may also, in synergy with IL-2 produced by CD4 + T cells after interaction with antigen presenting cells, induce a recall NK cell response that is essential for early pathogen clearance (Horowitz et al., 2010) . Activated NK cells are an important source of IFN-during early recall immune responses in both viral (Horowitz et al., 2010) and intracellular bacterial infections (Haeberlein et al., 2010; Humann & Lenz, 2010; Waters et al., 2011) . IL-4 and IL-10 cytokine mRNAs were also upregulated by intact E. ruminantium. The IL-4 secretion might indicate humoral immune activation, but it is more likely that IL-10 and IL-4 are produced to regulate high levels of NO (Bogdan, 2001; Goff et al., 2002 Cytokine profile A was measured for a total of 11 recombinant proteins ( Table 3 ), three that were selected using sheep PBMC and eight that were selected using bovine PBMC. These were the only recombinant proteins which induced IFN-protein production that correlated with relatively low levels of IFN-mRNA at 4 h that increased markedly overnight. These recombinant proteins also induced elevated TNF-, GM-CSF, iNOS and TLR4 expression. IFN-protein expression was however at lower levels than that induced by intact E. ruminantium. All of these IFN-inducing proteins, with the exception of those coded by Erum0660_1 and Erum8050, were of low molecular weight, correlating with previous studies indicating that low molecular weight E. ruminantium proteins induced IFN-production (Van Kleef et al., 2002; Esteves et al., 2004; Sebatjane et al., 2010) . Cytokine profile A proteins could also induce TLR4, probably via IFN-and TNFinduction. Proteins that induce the activation of these receptors may thus be useful in the promotion of innate immunity when included as part of a vaccine against heartwater. Recombinant proteins inducing cytokine profiles C and D may also be useful in vaccine formulations. Cytokine profile C proteins induced high levels of IL-18, a cytokine important for IFN-production and the development of memory CTLs (Iwai et al., 2008) . In contrast, relatively low levels of IL-18 mRNA were detected in PBMC stimulated with intact E. ruminantium; this may be attributed to the presence of IL-18 inhibitory proteins similar to those found for E. chaffeensis (Wakeel et al., 2010) . This down regulation will possibly reduce any CTL response directed against E. ruminantium antigen, thus promoting survival of the pathogen. Recombinant proteins that induced cytokine profile C and D also induced GM-CSF, a cytokine used in DNA vaccines targeted to dendritic cells (DC-based vaccines) (Le et al., 2010) .
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It should be noted that IFN-γ expression alone is not always indicative of protection against E. ruminantium infection in vivo (Vachiéry et al., 2006) . Recent studies on protective immunity against Mycobacterium tuberculosis have shown a better correlation between protection and the number of multifunctional T (MFT) cells which were detected in immune pulmonary and spleen cell preparations (Derrick et al., 2011) . MFT cells are single cells that produce high concentrations of the cytokines IFN-; TNF-and IL-2. Although we did not determine multiple cytokines produced by a single T cell using flow cytometry, the recombinant proteins in cytokine profile A did show simultaneous upregulation of IFN-and TNF-. These proteins are therefore the most likely to induce protective immunity to heartwater. Future studies should focus on determining whether both of these cytokines are produced by the same CD4 + T cell and whether the activation of these MFT cells is linked to protection against heartwater.
In conclusion, using a reverse vaccinology strategy, we could select recombinant proteins that induced a cellular immune response in immune bovine PBMC that was similar to the response induced by More than one number indicates IFN-production was measured in PBMC from all immune bovines indicated in column 4 stimulated with the amount of protein indicated in column 5. For samples in which PBMC from more than one immune bovine were positive, the bovine PBMC that gave the highest ELISPOT value was used in the qPCR, for example for Erum1050 we used bovine 8347 PBMC stimulated with 10 µg/ml protein.
c (n/d) not done.
d (-) value less than 1 fold. The transmembrane helices (th) and signal sequences predicted by TMHMM2.0, SignalP3.0 and Phobius. Supporting information Table S1 . The 272 selected ORFs grouped according to their putative function (th = transmembrane helices; C = cytoplasmic, P = periplasmic, IM = inner membrane, OM = outer membrane, E = extra cellular, U = unknown; TR = tandem repeat, TPR = tetratricopeptide repeat). 
